A method is presented that allows for a complete mechanical evaluation of trabecular bone architecture directly from three-dimensional computer reconstruction images. With this method, the reconstruction images are used as a basis for microstructural FE-analyses. From the results of these analyses the full stiffness matrix of bone specimens is obtained, using a standard mechanics approach.
Introduction
Three-dimensional computer reconstructions of trabecular bone architecture have been introduced as an accurate basis for the determination of three-dimensional moiphological parameters. For the study of the mechanical quality of trabecular bone however, mechanical rather than morphological parameters of trabecular architecture are needed. Mechanical parameters can not be accurately determined from morphological parameters since, as yet, no accurate and complete relationships exists between both. Recently, it has been demonstrated that it is possible to find mechanical parameters of trabecular bone directly from microstructural FE-models of bone specimens which are created from three-dimensional computer reconstructions [ 1,2]. With these FE-models, the mechanical properties of the bone specimen can be obtained by simulating compression test experiments. However, there are a number of problems with the determination of trabecular bone elastic properties in this way. First, only a limited number of elastic constants can be measured. Second, as with real compression test experiments, boundary artifacts can seriously afkct the results. Third, extra information on trabecular architecture is needed to find the mechanical main directions. In the present study an alternative method based on high-resolution computer reconstructions of trabecular bone specimens in combination with a standard mechanics FE-approach is presented, that allows for the determination of all orthotropic elastic constants and principal mechanical directions of bone specimens without the need for additional fabric measurements.
Methods
Two trabecular bone specimens of 10 mm each were cut from a whale vertebral body. The first specimen was cut such that its sides were aligned with the vertebral body longitudinal axis, the second specimen such that its sides were rotated 45 degrees relative to this axis. The morphology of each specimen was digitized in a serial sectioning procedure [3] . The voxel data sets obtained from this procedure were used to create microstructural FEmodels by directly converting bone voxels to 8-node brick elements that measure 80 microns on each side (Fig. 1) . The resulting FE-models consisted of 566,967 and 653,533 elements for the first and second model respectively. Based on an earlier study, all elements were given a linear elastic and isotropic Young's modulus of 5.33 GPa (21. A special purpose FE-code was used to solve these large FEproblems [4] . Six FE-analyses were needed to calculate the overall (or apparent) material properties of a specimen, as characferized by the stiffness tensor, using a standard mechanics approach [5] . In this way all 21 elastic coefficients in the overall stiffness matrix of the specimen were obtained, while the effects of boundary artifacts is 0-7803-3811-1/97/$10.00 OIEEE reduced. An optimization procedure was then used to find the coordinate transformation that yields the best orthotropic representation of this matrix. This procedure makes use of thc fact that for orthokopic materials some of the offdiagonal entries in the stiffness matrix are zero when measurement and orthotropy axes are aligned. The best orthotropic representation was obtained by setting these entries to zero after a matrix coordinate transformation that minimizes the square-sum of these entries. 
Results
With the methods provided here, the stiffness matrices and mechanical principal directions of both specimens were obtained (Fig. 2) . The mechanical main direction was found to align with the vertebra longitudinal direction for both specimens. It was found that the material behavior of both specimens was well described as orthotropic.
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Discussion
The methods presented here allow for a complete evaluation of mechanical properties of trabecular bone architecture, using computer reconstructions as the only input. Since (changes in) the mechanical properties of trabecular bone determine (changes in) the mechanical quality of bene, it is expected that in this way an accurate assessment of risk factors related to detrimental changes in architecture, for example due to osteoporosis, is obtained. A limitation of the methods presented here is that homogenous and isotropic tissue material properties are assumed for the tissue Young's modulus, and thus, the pure mechanical properties of the trabecular architecture are found. rather than the mechanical properties of trabecular bone. A value for the tissue modulus must still be based on experiments, in order to obtain realistic values for overall elastic moduli.
With the methods developed here and with recent developments of in vivo three-dimensional reconstruction techniques [6, 7] , it will ultimately be possible to estimate the mechanical properties of the trabecular architecture in vivo, which clearly is impossible with traditional mechanical tests. A more immediate purpose is the application to comparative evaluations of in vitro trabecular properties.
